Correlations between reproductive traits and measures of milk yield indicate that higher yield is associated phenotypically and genetically with reduced reproductive performance in lactating cows. Numerous recent studies have reported that reproductive performance is compromised, primarily through delayed ovarian activity and reduced conception rates, by the demands of high milk yield. However, daily managerial decisions to obtain efficient reproductive performance have considerable impact. Management can offset depression in fertility, because high yielding herds often achieve the fewest days open.
INTRODUCTION
Milk yield per day follows a predictable curvilinear function that peaks at 6 to 9 wk of lactation and then declines at a constant rate. Accumulation of profit and total income within a lactation is determined by peak and persistency of milk yield. Economic return from individual cows represents the integration of several performance traits in addition to yield. However, to maximize profit over herd lifetime, economic models have recommended an optimal calving interval from 12 mo (J, 10, 49) to 13 and 13.5 mo (27, 41) . Increasingly, dairy producers and researchers question the biological feasibility and economic justification of a 12-to 13.5-mo calving interval in cows for which yield exceeds 13,500 kg of milk.
Various reproductive traits have been measured and reported in investigations of the possible association between milk yield and reproductive performance. Days open, the period from calving to conception, is subject to management policy, such as voluntary waiting period prior to breeding, and is influenced by conception rate and efficiency of estrus detection. Therefore, days open and calving interval are unsatisfactory measures of reproductive performance for determining potential relationships of milk yield and reproduction. Although influenced by many factors, conception rate or number of breedings is more inherently associated with physiological functions and is a more desirable indicator of reproductive function. Specifically, cows yielding more milk generally had lower conception rates (21, 24, 40, 46, 54, 57, 66, 69) .
As dairy cattle achieve higher milk yields, relationships between yield and reproduction are more apparent (11, 12, 21, 22, 33, 50, 72, 74) . The increasing body of research indicates an antagonistic relationship between high milk yield and reproductive performance. An important similarity in milk yield and reproductive efficiency is that management and environment account for the majority of the variation (1, 4, 19, 37, 43, 45, 46, 55) . In addition, interactions between nutrition and reproductive performance are apparent, such as detrimental effects of prolonged negative energy balance (8, 9, 11, 12, 13, 33, 50, 63, 67, 72) . Little is known about the reproductive performance of dairy herds in which lactations exceed 13,500 kg of milk, and future research must involve high yielding cows if results are to supply valid recommendations and to benefit the dairy industry.
DISCUSSION
Controversy has long existed over how or if reproductive performance is affected by milk yield. In 1927, Gaines (25) noted that lactation affected reproductive function and that a prevalent opinion of dairy producers was that managing cows "to secure as high a level of milk production as possible has a tendency to interfere with the occurrence of conception (p. 117)". The Guernsey Herd Register was the source of records that revealed a low correlation (r =.039) of days open and milk yield in the first 30 DIM. Means of 4671 records for milk yield and days open were 487 kg and 174 d, respectively. Gaines (25) found no evidence to support the opinion that high milk yield in early lactation interfered with conception. The opinion persists as milk yield of dairy cows continues to rise. Studies of Boyd et al. (6) , Smith and Legates (65) , and Olds et al. (54) reference many early investigations of the question. Data collected prior to 1970 have shown little or no association between milk yield and reproduction (6, 16, 17, 25, 55, 65, 71) . However, adverse effects of yield on reproductive performance have been reported by many investigators since 1975 (20, 21, 24, 33, 40, 46, 50, 54, 57, 66, 67, 74) , and those effects are reviewed herein.
Reproductive Traits of High Yielding Herds
Laben et al. (46) used DHI testing records of 201 California dairy herds with yields ranging from under 5000 to over 10,000 kglyr to study association of milk yield and reproductive performance. Data were analyzed by regressing reproductive performance on 
Reproductive Traits of High Yielding Cows
Renewed interest in effects of milk yield on fertility followed a 1975 report of Spalding et al. (66) (24) determined factors that affected reproductive traits of 212 Holstein and Jersey cows. Detection rates for estrus were highest for cows that yielded slightly above mean milk yield and did not differ between cows in highest and lowest milk yield quartiles. First detected estrus and days to frrst service occurred later postpartum in Holsteins as milk yield deviation from herdmates increased. In Jerseys, days to frrst service and days open increased linearly as milk yield increased. Milk yield affected involution of the uterus of both breeds. Days to involution of the uterus declined as 70-d milk yield increased up to 1400 kg and then gradually increased at high yield. Interval to involution of the cervix decreased as milk yield increased for both Holsteins and Jerseys (P < .10). Their (24) results provide little support for the concept that early postpartum reproductive traits, such as intervals to involution of cervix and uterus and frrst ovulation, are affected adversely by higher milk yield. Clinical abnormalities at parturition or postpartum were more important than age or milk yield in effect on reproductive performance.
Hillers et al. (40) examined the influence of management and environmental factors on reproductive performance in four large Washington dairy herds. Percentage of conception at first service was not affected by milk yield during current or previous lactations. However, cows with higher milk yield during current or previous lactations had longer intervals to frrst service. Milk yield in those herds was associated with superior nutrition, health, and management, perhaps offsetting the effects of high yield on conception.
Journal of Dairy Science Vol. 76. No. 10, 1993 Factors affecting conception rates of Israeli Holstein cattle in 200 herds were evaluated from 1980 to 1981 (57) . The largest differences in conception rates were between cows (40.4%) and heifers (64.3%) and among calendar month of service for cows (23.5 to 51.5%). Presumably, a major portion of the conception rate difference between heifers and cows can be attributed to effects of milk yield. Low correlation for conception rates between heifers and cows for herd effect (.17) indicated that heifer and cow breeding programs differ within a herd; low correlation for these groups for sire (.27) suggested a different genetic mechanism for fertility between these groups, which has been reported by others (31, 42) .
Yield effects on reproductive traits were investigated for 3393 frrst lactation Holsteins from six experimental herds in North Carolina (21) . Those herds were used in a selection experiment, primarily for milk yield, since 1949. All heifers calved for the frrst time between 1967 and 1986 and were given an opportunity for service. To test differences in FCM and reproductive performance, three yield categories were used ( Table 3 ). The highest yielding cows were the poorest reproducers, although interval to first service was not different between midrange and high yield groups (Table 3) . Difference in conception rate from frrst service was slightly less than twice that reported by Spalding et al. (66) for the highest yielding cows compared with the lowest yielding cows (39.1 vs. 20.5%). Interval to frrst service and conception rate from frrst service of cows yielding <7250 kg of FCM were not influenced by increased milk yield, but, for midrange and high yielding groups, each 1000-kg increase in FCM lengthened days to frrst service by 3.7 and 5.6 d and lowered conception rate from frrst service by 11.9 and 12.2%, respectively. Laben et al. (46) reported a similar trend for regression of interval to first service on 18Q-d FCM yield as herd yield increased.
Relationships between peak milk yield, lactational persistency, and conception rates were reported for 5928 lactation records of high yielding cows from three California dairies (48) . Cows with peak milk yields greater than the median (38.2 kgId) were less likely (P < .05) to have conceived in one or two services than cows with peak milk yields~38.2 kg/d. Cows with higher than median (.755) lactational persistency were less likely (P < .05) to have conceived in one or two services than cows with lower persistency of lactation. Cows that either had low peak milk yields and low lactation persistency or high milk yields and high persistency contributed more to the probability of pregnancy by the first two services than cows with low peak milk and high persistency or high peak milk and low persistency. Higher yields were associated with lower conception rates, suggesting that metabolic demands of higher yield reduced fertility of high yielding cows. Olds et al. (54) reported similar reductions in reproductive performance with increasing total yields to I20-d of lactation. However, other investigators (16, 19, 30, 64, 65) found no relationship between peak production and fertility. Reproductive traits were monitored in 20 cows from a 20-yr genetic selection project in Iowa (33 (68) found a positive relationship between increased milk yield and days to first ovulation.
Of the many factors that influence fertility in dairy cows, management practices, particularly techniques for detection of estrus and for service, influence fertility the most in dairy herds (2, 64) . Management practices are better in higher yielding herds (15) . Management enhances reproductive efficiency through accurate and efficient detection of estrus (53) . Errors in detection of estrus lower conception rates. For management to be detrimental to conception rates in high yielding cows, errors in detection of estrus must increase disproportionately for high yielding cows. No data support that assertion. Thus, management inefficiency is not likely the entire source of decreased fertility in high yielding herds or cows.
Genetic selection and Reproductive Traits
Many estimates have been made of genetic parameters for reproductive traits and, in particular, of genetic correlations between reproductive traits and milk yield at various stages of lactation (1, 4, 19, 20, 29, 30, 31, 37, 39, 43, 46, 61, 62) . Several of these investigators have indicated substantial genetic antagonism between yield and reproduction; estimates of genetic correlations ranged from -.064 to 1.00 (1, 4, 19, 20, 29, 30, 37, 39, 43, 44, 46, 61) ; however, other researchers have shown little or no relationship (14, 29, 58, 62) .
Because milk yield is paramount in dairy cattle selection, many researchers and dairy producers are concerned that long-term selec-tion for yield may deteriorate reproductive performance. Many researchers (I, 4, 14, 19, 29, 30, 37) have reported heritabilities close to zero for reproductive traits and concluded that additive genetic variation is very small in proportion to phenotypic variation and that selection for improved fertility would not be worthwhile. Others (39, 43, 45) 
Hahn (28) reported higher heritabilities of fertility for heifers than for cows and suggested that selection for heifer fertility may be of greater benefit than selection for cow fertility. Hansen et al. (31) found positive genetic correlations of heifer fertility and fIrSt parity milk yield and opposite or negative genetic correlations of fIrSt parity fertility and milk yield. Mahanna et al. (51) found no difference in fertility for two groups of heifers differing in genetic potential for milk yield. Others (4, 29) have reported that heritabilities decrease as parity increases and that lactation length (60 to 305 d) increases with the measure of milk yield. Repeatabilities of heifer fertility to fIrSt parity range form .01 to .03, indicating different expression of cow fertility. Low estimates of repeatability indicate that reproductive performance on any occasion is of little use in predicting later performance. Not surprisingly, repeatabilities of reproductive traits are low because of the complex nature of reproductive performance, which is the product of physiological functions and management decisions. Reproductive performance is subject to decision policies of dairy producers regarding postpartum breeding time, strategies of estrus detection, and managerial policies associated with service, such as timing of service and semen placement in the female reproduction tract. These factors not genetics, are the main determinants of reproductive performance, and improvements in reproductive efficiency should be sought from attention to these factors.
Journal of Dairy Science Vol. 76, No. 10. 1993 Selection for milk yield has changed endocrine profiles of cows so that blood concentrations of hormones favor lactation (3, 5, 44) . Bonczek et al. (5) used two genetic groups, one group selected since 1964 for milk yield and an unselected control (9872 and 7402 kglyr of milk yield, respectively), to determine effects of selection for milk yield in Holsteins on blood hormone concentrations. Somatotropin concentrations were higher (P < .05) in the selected group, insulin concentrations were lower (P < . (01), and prolactin and thyroxine concentrations were not different. Somatotropin concentrations decreased from peak to midlactation, but insulin and thyroxine concentrations increased. The increase in plasma somatotropin concentration with selection for milk yield confirmed earlier findings (3, 43) based on similar but less extreme populations.
Additionally, other investigators (23, 35, 36, 59 ) have provided evidence that somatotropin concentrations would be likely to increase with selection for milk yield. The decrease in insulin concentration that accompanied selection for milk yield agrees with that in other studies (35, 36, 38, 59) ; however, Barnes et al. (3) found no difference in basal insulin concentrations of selection and control cows. Insulin affected ovarian tissues similarly to pituitary gonadotropins (56) . These actions include direct effects on steroidogenic enzymes, modulation of gonadotropin receptor number, nonspecific enhancement of cell viability, and synergism with other gonadotropins. Additionally, Langhout et al. (47) reported that somatotropin had no significant effect on bovine granulosa cell numbers or progesterone production in vitro. However, when insulin was added, somatotropin had a dose-dependent effect on cell numbers and progesterone production compared with insulin treatment alone. Insulin augmented the effect of FSH in stimulating granulosa cell proliferation and enhanced progesterone production from small (I to 5 mm) and large (>8 rom) follicles (47) . Thus, decreased insulin concentrations during prolonged negative energy postpartum may impair ovarian function and inhibit conception. Cows with positive (3.43 McaVd) energy balance during the first 12 wk postpartum had greater concentrations of insulin-like growth factor-I in serum and greater luteal phase progesterone secretion than cows with negative earlier postpartum, but other cows fail to do so, and these cows converted nutrients to milk less efficiently. Slight increases in mean energy deficits were caused by lower nadirs, and more extreme declines in mean deficits were due to the onset of negative energy balances progressively earlier in lactation (Table 4). Specifically, cows with lowest mean energy balance had shortest postpartum interval to nadir of energy balance. Thus, DMI needs to be maximized as soon as possible after calving because cows must ingest enough nutrients for high milk yield and for resumption of follicular activity for conception within 100 to 130 d after calving.
Days to first ovulation were correlated (r = .75) with days to energy balance nadir (13) . It was postulated that, as negative energy balance passes its nadir and begins returning toward balance, the hypophyseal-ovarian axis becomes fully active, as evidenced by ovulation and luteal function. On average, the nadir of negative energy balance occurred 15 d postpartum; first ovulation occurred 29 d postpartum. Either relative change or rate of change in energy balance could be monitored as a signal to the neuroendocrine system, which is responsible for ovarian activity, Ovarian activation following negative energy balance was examined using LH pulse profiles at 14 and 31 d postpartum (13 (67) . Based on the diversity of these actions, lower availability of insulin and insulin-like growth factor-I during early lactation has been postulated to render ovarian follicles less responsive to any ongoing gonadotropin stimulation (9. 11, 12. 67) . Gonadotropic effects of insulin on follicular development have been indicated by experiments in energy-restricted heifers (32, 52) . Overall, these changes in hormone concentrations promote higher milk yield to the potential detriment of other physiological functions. such as normal follicular development.
Energy Balance and Body Condition Lou
Interrelationships between energy balance and postpartum reproductive function in dairy cows have been reviewed (9) . The present discussion emphasizes more recent literature. Energy requirements of a lactating cow are met through a combination of dietary intake and mobilization of body reserves. High yielding dairy cows cannot maintain positive dietary energy balance (consume enough energy to satisfy maintenance and yield requirements) during early lactation and must mobilize body reserves. Butler and Smith (9) reported that negative energy balance usually reaches its maximum during wk 1 to 2 of lactation and recovers at a variable rate; a direct relationship (r =-.80) exists between milk yield and energy balance. They (9) reported that the correlation between milk yield and days to first ovulation became significant only after the period (40 d) when most cows had already ovulated and suggested that factors other than milk yield alone are involved in determining the interval to first ovulation. They (9) concluded that effects of high milk yield on conception rates were caused by delayed resumption of ovarian activity, limiting the number of estrous cycles before breeding, which reduced conception (69, 70, 73) .
Villa-Godoy et al. (72) showed that most of the variation in energy balance during the first few weeks after calving was due to energy intake (r = .73) rather than milk yield (r = -.25). Milk yield did not differ among cows with distinctly different energy balances, demonstrating that some cows ingest sufficient nutrients to satisfy requirements for high milk yield and to achieve positive energy balance study (13) was confounded with days postpartum; LH pulse frequency increases with days postpartum (60) . Therefore, a subsequent study (11) was conducted that monitored LH pulses twice weekly from calving to first ovulation; LH pulse frequency increased around the negative energy balance nadir.
Plasma NEFA were highly correlated with energy balance and may provide a potential signal of energy balance and status of the neural center that controls LH secretion (12) . Additionally, naloxone did not affect LH pulse secretion, indicating that endogenous opioid peptides probably are not involved in delay of ovulation during prolonged negative energy balance. In contrast, Estienne et al. (18) , using the ovariectomized ewe as the model, reported that infusion of FFA had no effect on serum LH concentrations, LH pulse frequency and amplitude, or the LH secretory response to GnRH but inhibited somatotropin secretion.
Harrison (33) reported that both fJhydroxybutyrate and NEFA were correlated negatively with energy balance and suggested that they may provide general indications of overall energy status. Neither
fJ-
hydroxybutyrate nor NEFA concentrations were associated with days tc ::-st ovulation or days to first visual estrus. Because insulin-like growth factor-I enhances LH-and FSHinduced steroidogenesis (26) and because a high positive correlation (r = .43; P < . (01) exists between serum insulin-like growth factor-I and energy balance (67), increased ovarian responsiveness as energy balance increases may be explained by increased concentrations of insulin-like growth factor-I. Canfield and Butler (12) suggested that decreased ovarian sensitivity to LH signalling may be involved in timing the resumption of postpartum ovulation, because ovulation occurred later in lactating cows with no difference in LH pulse frequency compared with cows milked only 1 d postpartum. Glucose and insulin concentrations were higher (P < .01) in nonlactating cows and may be involved in decreased ovarian sensitivity to gonadotropins. They (12) concluded that energy balance may function at two levels in initiation of ovulatory cycles: the modulation of pulsatile LH secretion and the alteration of ovarian responsiveness to LH signalling. Negative energy balance may influence reproduction through its direct or indirect inJournal of Dairy Science Vol. 76, No. 10, 1993 fluence on progesterone secretion by the corpus luteum. Villa-Godoy et al. (72) reported adverse effects of negative energy balance on second and third postpartum corpora lutea, but not on first functional corpora lutea. Duration of luteal phases did not vary among cycles and was not associated with energy balance or DM!. Moreover, interval to negative energy nadir, but not magnitude of nadir, was correlated positively with luteal function in second postpartum diestrus. Spicer et al. (67) observed that progesterone concentrations in serum during diestrus of first and second estrous cycles were significantly greater in cows with positive energy balance than in cows with negative energy balance. Decreased progesterone secretion occurs with limited luteal function, and insufficient luteal support of the uterus during early pregnancy may be one cause of decreased conception rates. Thus, timing and magnitude of negative energy balance interact to determine the extent to which negative energy balance limits luteal function in postpartum estrous cycles and subsequent maintenance of conception. They (67) concluded that negative energy balance is a potential source of infertility and may be influenced primarily by DM!.
Energy balance can modify follicular populations and affect the average number of follicles per cow for the first 25 d postpartum (50) . As predicted energy balance increases, the average number of small follicles (class I, 3-to 5-mm follicles and class 2, 6-to 9-mm follicles) decreases, whereas the average number of class 3 (10-to 15-mm) follicles increases, suggesting that, as overall predicted energy balance of the cow increases, small follicles move into larger size classes. These increases in follicular populations theoretically lead to an earlier ovulation in cows with higher predicted energy balance. However, the relationship between predicted energy balance and days to first ovulation was low (R2 = .10), suggesting that other factors are important for predicting interval to first ovulation. Many others (11, 13, 67, 72) have reported that average energy balance and days to first ovulation are not significantly correlated. After estrous cycles had been initiated, predicted energy balance was not associated with follicular growth or number of follicles within size class.
Energy balance has also been associated with expression of estrus (67, 72) . Sixty per-cent of first ovulations postpartum in positive energy balance cows were associated with observable estruses compared with only 16.7% for negative energy balance cows (67) . During the second estrous cycle postpartum, estrus was observed prior to ovulation in 80% of positive energy balance cows and 66.7% of negative energy cows. Behavioral signs of estrus were detected in 64.9% of ovulations (72) . Villa-Godoy et al. [/2) reported that a lower proportion (P < .01) of first ovulations in negative energy cows was associated with estrus (34.4%) than the proportion of second (71.9%) or third (83.3%) ovulations postpartum. Duration of postpartum anovulatory period and detection of estrus were not correlated with parity, BW, milk yield, DMI, or mean energy balance.
Inclusion of fat in dairy rations can increase caloric concentration without reducing fiber content, thus increasing energy intake and efficiency of energy utilization, especially during early lactation when cows fail to consume sufficient feed. Few studies have reported the use of fats in dairy rations to enhance reproductive performance (22, 63) . Ferguson et al. (22) revealed no differences in days to frrst service between cows supplemented with fat and control cows. However, cows receiving fat supplementation had a higher conception rate at frrst service (59.1 vs. 42.6%) and a higher conception rate for all services (59.3 vs. 40.7%). In a recent study (63) , cows supplemented with Ca soaps commenced ovarian cyclicity later than controls; however, once cyclicity commenced, fat-supplemented cows more frequently had normal cycle length (18 to 26 d) than controls. Progesterone concentrations were higher for supplemented cows in the luteal phase before service and were higher 9 and 24 d after service in cows that conceived. Conception rates were not different at first service but were higher in cows fed fat for second to fourth service (25 vs Change in body condition of cows during early lactation has been used to indicate how much body tissue is mobilized to yield milk.
Changes in body condition have been more useful than BW changes because BW changes are influenced by intake, growth, and frame size. Wildman et al. (75) proposed a body condition scoring system that is independent of frame size, age, and DMI, which has proved to be useful for monitoring depletion and repletion of body tissue reserves in dairy cows. Extreme loss (greater than one unit of body condition on five-unit scale) of body condition after calving resulted in lower fertility (fable 5), but, within the moderate range (one scoring unit), body condition and fertility were not related (9) . Ultimately, cows that lose higher amounts of body condition soon after parturition have cumulative pregnancy rates that are similar to those of cows that lose little condi- (24) reported that a change in BW of 1 kg during the 28 d prior to fIrst service was associated with a change in average serum progesterone concentration of .03 ng/ml. Additionally, they (24) reported that conception rates from fIrst service for Holsteins and Jerseys were affected by average concentration of progesterone in blood samples collected during the 12 d before fIrst service. For Holsteins, conception rates at fIrst service increased by 12.4% for each increase in nanograms per milliliter of progesterone concentration during this 12-d period prior to service. For Jerseys, conception rates from fIrst service increased by 7.4% for each increase in nanograms per milliliter of progesterone during this same period. Theoretically, a Holstein cow that lost 50 kg during the 28 d prior to fIrst service would have a 18.6% lower conception rate than a cow that did not lose BW during that period. Existence of such relationships make body condition scoring a useful management tool for relating suboptimal reproductive performance to inadequate nutrition in early lactation.
SUMMARY
Investigations prior to 1975 revealed little or no association between milk yield and reproductive performance. Numerous recent studies have reported various detrimental results of high milk yield on reproductive performance, primarily delayed ovarian activity and reduced conception rates. Timing and magnitude of negative energy balance apparently interact to determine the extent to which negative energy balance alters hypothalamic secretion of GnRH and its effect on gonadotropin secretion and, therefore, ovarian secretion of progesterone, which affects expression of estrus and support of the uterus during early pregnancy. Another link between reproduction and nutrition involves the responsiveness of the ovary to metabolic hormones and growth factors. Selection for high milk yield has changed endocrine profIles so that blood concentrations of hormones favor lactaJournal of Dairy Science Vol. 76, No. 10. 1993 tion, probably at the expense of reproduction. Cows in negative energy balance early postpartum have increased somatotropin and decreased concentrations of insulin and insulin-like growth factor-I, which, when insufficient, impair ovarian function. Various markers that may provide a general indication of overall energy status have been suggested, such as NEFA and l3-hydroxybutyrate. However, as a management tool, body condition scoring may provide a practical monitor of energy status and subsequent reproductive performance. Cows need to be healthy at calving and into the early postpartum period for maximum DM! to prevent prolonged negative energy balance and inadequate body condition.
